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Abstract 
An STM-SQUID microscope has been developed by combining a scanning tunneling microscope (STM) and a high-Tc 
superconducting quantum interference device (SQUID) to simultaneously observe the surface morphology and the local magnetic 
field. In our microscope, a permalloy probe with high permeability, whose tip is electrochemically polished, is placed between the rf-
SQUID and the sample. The probe plays a flux guide role of transferring the local magnetic field of the sample to the SQUID. The 
probe tip could be approached as close to the sample surface as possible within a few nm by an STM feedback control. The SQUID 
detects the magnetic field from the end of probe. It is also important to bring the probe end close to the SQUID. In this paper, we 
have investigated the magnetic coupling between the SQUID and the probe in the STM-SQUID microscope setup by decreasing the 
gap distance between the SQUID and the end of probe from 4.5 mm to 0.1 mm. The magnetic signal detected by the SQUID was 
increased as the distance between the SQUID and the probe was decreased. As the result, the magnetic images of a nickel thin film 
sample became clearer with decreasing the distance. 
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1. Introduction 
An STM-SQUID microscope has been developed by combining a scanning tunneling microscope (STM) and a high-
Tc superconducting quantum interference device (SQUID) to observe the surface morphology and magnetic field [1-3]. 
The block diagram of the microscope is shown in Fig.1. In this microscope, a permalloy probe with high permeability 
(the diameter: 90 µm) is placed between the SQUID and the sample. The probe plays the roles of the STM probe and the 
flux guide. The local magnetic field can be transferred from the sample surface to the SQUID through the probe owing 
to its high permeability, while the tip is brought very close to the sample surface within a few nanometers by detecting 
the tunneling current between the probe tip and the sample. The SQUID is controlled by a flux-locked loop (FLL) 
circuit for the wide dynamic range measurement. During the STM scan, the output voltage from the FLL circuit is also 
mapped into a magnetic image. Thus, the topographic and magnetic images were simultaneously obtained by the STM-
SQUID microscope. Fine magnetic structures were successfully observed when using the probe with the tip curvature 
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radius of less than 100 nm, sharpened by electrochemical polishing [4]. However, the magnetic sensibility of the STM-
SQUID microscope was not enough to measure the samples with the weak magnetic field distributions. One of the 
reasons is that the previous rf-SQUID needed a substrate resonator. The thickness of the resonator’s substrate caused the 
additional gap distance between the SQUID and the probe, which affected the magnetic coupling. To make the gap 
distance shorter, the rf-SQUIDs with the larger diameter have been fabricated recently, which can be operated without a 
resonator [5]. In this study, the rf-SQUID operated without a resonator was mounted into the STM-SQUID microscope. 
The relation between the SQUID and the end of probe was also investigated by the simulations and experiments.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.  Block diagram of the STM-SQUID microscope. 
2. Magnetic coupling between SQUID and probe 
2.1 Experimental 
It is necessary to improve the magnetic coupling as well as the curvature radius of the probe tip in order to achieve 
the higher spatial resolution. The magnetic coupling between the SQUID and the probe was investigated by changing 
the distance between the SQUID and the probe. Fig. 2 (a) shows a cross-sectional view around the probe and the 
SQUID. An rf-SQUID of a washer type with a diameter of 6 mm or 7 mm was used, each of which was made of YBCO 
thin films on a bicrystal STO substrate [5]. The rf-SQUID could be operated without a resonator only by a readout coil 
consisting of single-turn copper wire, which was fixed on the rf-SQUID substrate. It allowed us to bring the probe end 
down to ~0.1 mm from the SQUID surface. The rf-SQUID was mounted on the sapphire rod kept around 80K below 
the critical temperature by using liquid nitrogen. The probe was fixed through the acrylic window, which separated 
vacuum and air. The SQUID and the end of probe were kept in vacuum whereas the probe tip was in air. The sample 
was also set in air on the STM stage at room temperature. The nickel thin film samples, which were deposited on a Si 
substrate by plasma sputtering, were measured by the STM-SQUID microscope.  
2.2 Simulation of flux transferring 
The magnetic flux inside the SQUID loop transferred from the sample was calculated by using a static 
electromagnetic simulator. In the simulation model, the distance between the SQUID and the end of probe was changed 
from 4.5 mm to 0.1 mm. Fig. 2 (b) shows the simulation result, of which vertical axis shows the magnetic flux 
transferred from the sample to the SQUID through the probe. It indicated that the magnetic flux was drastically 
decreased with increasing the gap distance. When the distance was more than 1.5 mm, the magnetic flux was 10 times 
less than that at 0.1 mm. 
 
 
 
 
 
 
 
 
 
 
 
 
                                                       (a)                                                                                                            (b) 
 
                       
4
3
2
1
0M
ag
ne
tic
 ﬂ
ux
 t
hr
ou
gh
 S
Q
U
ID
 h
ol
e 
[μ
W
b]
4321
Distance between the SQUID and the end of probe [ mm ]  
 
Fig. 2.  (a) Cross-sectional view around the probe and the SQUID. (b) Simulation result of the transferred magnetic flux through the probe as the 
function of the gap distance between the SQUID and the probe end.  
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2.3 Observation of magnetic domains 
The magnetic images of the sample were experimentally measured by changing the gap distance between the SQUID 
and the end of probe from 4.5 to 0.1 mm (4.5, 3, 1.5, and 0.1 mm). The magnetic images and their line profiles are 
shown in Fig. 3. The each line profile was taken between the triangle markers. The every image was taken by using the 
same SQUID, probe and sample, but in the different scanned area. The magnetic domain structures were recognized for 
every distance even at 4.5 mm, in which the contrast was very week. The amplitude of the magnetic signal between the 
neighboring domains with different polarities was increased as the distance between the SQUID and the probe was 
decreased. When the gap distance was set at 0.1 mm, the amplitude was about 20 times as strong as that at 4.5 mm. 
Therefore, the magnetic images became clear as the distance between the SQUID and the probe was decreased. When 
the gap distance was set at 0.1 mm, the magnetic domain structures were most clearly observed of the 4 images in Fig. 3. 
Thus, the magnetic images taken by the STM-SQUID microscope were influenced by the gap distance, which is 
strongly related with the magnetic coupling between the SQUID and the end of probe. 
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Fig. 3.  Magnetic domains of a nickel thin film sample taken with changing the gap distance between the SQUID and the end of probe. The gap 
distance was set at (a) 4.5, (b) 3, (c) 1.5, and (d) 0.1 mm. The signal intensity of the line profiles, which were converted from the voltage signal, 
corresponds to the magnetic field inside the SQUID loop transferred through the probe. 
 
Fig. 4 shows the topographic and magnetic images of another nickel sample simultaneously taken by the STM-SQUID 
microscope when the gap distance between the SQUID and the end of probe was set at ~0.1 mm. The magnetic image 
shows the striped pattern. The scanned area was 7.8 µm. The average width of the magnetic domain structures was 
~160 nm (the period was ~310 nm). The spatial resolution was estimated at less than 100 nm, which is the similar 
resolution level achieved by the general magnetic force microscope (MFM). In addition, the MFM detects the force 
gradient over the sample caused by the magnetic force between the sample and the probe tip. However, the contribution 
of the atomic force related with the surface morphology is not perfectly negligible to the force gradient. The magnetic 
image is easily affected by the topographic artifact. On the other hand, the magnetic images taken by the STM-SQUID 
microscope show less influence of surface morphology than the MFM, because the SQUID can directly detect the 
magnetic field of a sample [3].  In Fig. 4(b), there is no magnetic image feature corresponding to the particles observed 
in Fig. 4(a). 
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Fig. 4. (a) Topographic and (b) magnetic images of a nickel thin film sample by STM-SQUID microscope.
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3. Conclusion 
In the STM-SQUID microscope, the magnetic images were obtained with good spatial resolution owing to the sharp 
needle probe used as a flux guide. The magnetic flux transferred to the rf-SQUID through the probe depended on the 
gap distance between the SQUID and the end of probe. The transferred flux was increased with decreasing the gap 
distance. In particular, if the gap distance was not less than 1.5 mm, the transferred flux became very small. Therefore, 
the probe end must be brought as close to the rf-SQUID as possible, in order to obtain clearer magnetic images. The 
magnetic images taken by the STM-SQUID microscope became clearer with decreasing the gap distance, as was 
expected. Finally, the spatial resolution of the STM-SQUID microscope was approached to that of MFM when the gap 
distance was set at ~0.1 mm. It will provide the quantitative measurements with good resolution.  
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